Publisher's copyright statement:
Introduction
Spin relaxation theory of lanthanide complexes is most often addressed by perturbative treatments using Bloch-Redfield-Wangsness (BRW) theory 1 and its extensions.
The effective magnetic moments (µ eff ) in solution can then be estimated by examining the magnetic field dependence of the longitudinal relaxation rate, R 1 . The paramagnetic relaxation arises from rotational and conformational modulation of the electron-nuclear dipolar interaction, eq. (1).
(
where µ 0 is the vacuum permeability, g N is the gyromagnetic ratio of the nucleus, g Ln is the Landé factor of the fundamental multiplet J of the free Ln 3+ ion, µ B is the Bohr magneton (BM), r is the electron-nuclear distance, τ r is the rotational correlation time, ω N is the nuclear Larmor frequency, ω e is the electron Larmor frequency and T 1e is the longitudinal relaxation time of the electron spin. The dependence of R 1 on (µ eff ) 4 and (ω N ) 2 in the second part of eq. 1 (Curie term) becomes more important at higher magnetic fields, for ions with larger values of µ eff . Thus, at high field, relaxation rates for the second half of the 4f-elements tend to echo the µ eff sequence: Dy/Ho > Tb > Er > Tm > Yb. At fields of less than 3 T, the rate of relaxation is mainly determined by T 1e , so that this order can vary significantly.
The major problem of BRW theory is that perturbation theory assumptions are often violated for the electron. The approach also requires knowledge of a large number of empirical parameters that can be difficult to verify independently, for a particular complex system (e.g. will not hold consistently. 5 In such cases, the concept of J-mixing can be invoked, and has been reported in interpreting lanthanide total and circularly polarised emission spectra to explain unusual oscillator strengths and transitions for Eu(III) compounds and complexes. 6 Even where J is a good quantum number, the ligand field splittings within the ground multiplet can be much greater than kT at room temperature. In either case, the general approximation that a room temperature magnetic moment can be derived simply from J and 
Results and Discussion
In this work, the variation of experimental relaxation rate data 2,9 with field has been used to estimate values of µ eff and T 1e using iterative minimisation methods and assuming classical BRW theory. Four isostructural series of complexes were examined, [Ln.L 1-4 ], 10, 11 (Scheme 1) holding constant the Ln-proton average distance, r, and the complex rotational correlation time, τ r , for each of the six complexes examined (Tb-Yb) within a given series. 5,12 and they possess NMR reporter groups, in relatively rigid coordinated pyridyl moieties, that reside at a convenient distance from the paramagnetic centre, allowing measurement of longitudinal relaxation rates in solution at up to six magnetic fields from 1.0 to 16.5 T.
Values of the mean distance r from the paramagnetic centre to the t-butyl protons were estimated by optimised geometries using ab initio and DFT methods without symmetry constraints, based on the yttrium analogue of a published X-ray structure (Scheme 1 and ESI). Table 3 . Larger discrepancies were found in the fitted values of µ eff , notably for Ho, Er and Tm. The discrepancy relates to the fact that these earlier analyses did not use a fixed distance. Indeed, the fitted value for the Ln-P distance was 0.2 Å shorter than found by X-ray crystallography. Refitting the rate data, fixing r = 3.91 Å, gave closer correspondence for µ eff
values (yet Tb/Dy 10 and 12% different), and similar T 1e values (Table 3 , footnote b). 
Summary and Conclusions
In summary, application of BRW theory suggests that the fast relaxation of Er and 
